In order to alleviate the predominant dependence of the chemical industry from petroleum-based platform intermediates,^[@ref1]^ the development of CO~2~-fixation reactions would allow conversion of a problematic waste gas into a useful carbon source for the production of chemicals.^[@ref2]^ The biggest obstacle to surmount is the low energy level of CO~2~. Carboxylation is facilitated by using high-energy starting materials, such as H~2~, organometallics,^[@ref3]^ unsaturated compounds (alkenes, alkynes, allenes^[@ref4]^), or epoxides.^[@ref5]^ Alternatively, carboxylation toward low-energy products containing carbon at a high oxidation state yields carbonates, carbamates, carboxylic acids, and esters or lactones. Although the number of processes based on chemical CO~2~-fixation is small, the volumes of production (e.g., urea, Kolbe--Schmitt reaction for phenol-carboxylation^[@ref6]^) are impressive.^[@ref7]^ Despite these isolated success stories, the use of CO~2~ as raw material for organic synthesis is still heavily underdeveloped.^[@ref2],[@ref8]^ In this context, the biocatalytic CO~2~-fixation catalyzed by (de)carboxylases holds great potential. Analysis of biological CO~2~-fixation reveals that the major high-energy pathways^[@ref9]^ are more substrate-specific and thus are less likely to be adapted to non-natural organic compounds.^[@ref10]^ In contrast, detoxification pathways are more promising, because the removal of a multitude of toxins by a single broad-spectrum enzyme enhances the survival of the living system. Since carboxylation is a redox-independent process, it is ideally suited for the detoxification of phenolics in anaerobic organisms,^[@ref10],[@ref11]^ which represents a biocatalytic equivalent to the Kolbe--Schmitt reaction,^[@ref6]^ which requires pressurized CO~2~ and elevated temperatures (120--300 °C) and often suffers from incomplete regioselectivities.

Although the biodegradation of phenolic compounds via carboxylation by whole microbial cells is reasonably well understood,^[@cit11b]^ the respective enzymes were predominantly investigated for their (downhill) *de*carboxylation activities.^[@ref12]^ In contrast, only limited data are available on the enzymatic carboxylation of (hetero)aromatics using (de)carboxylases running in the reverse (synthetic) direction:(i)*p*-Carboxylation of phenol yielding *p*-hydroxybenzoic acid is catalyzed by phenylphosphate carboxylase,^[@cit11b],[@ref13]^ which requires activation of the substrate by (energy-consuming) phosphorylation with ATP prior to carboxylation. In contrast, 4-hydroxybenzoate decarboxylase was found to catalyze the direct (reverse) carboxylation of phenol at a slow rate^[@ref14]^ (max. conversion 19%^[@ref15]^).(ii)The regio-complementary *o*-carboxylation of phenol was catalyzed by salicylic acid decarboxylase with a respectable conversion of 27%.^[@ref16]^ Most interestingly, the carboxylation of *m*-aminophenol selectively gave the antituberculostatic agent *p*-aminosalicylic acid with 70% conversion.^[@ref17]^(iii)1,2-Dihydroxybenzene (catechol) was selectively carboxylated at the *o*-position by 3,4-dihydroxybenzoate decarboxylase in up to 28% conversion.^[@ref18]^ The 1,3-analog (resorcinol) was carboxylated at the 2-position by 2,6-dihydroxybenzoate decarboxylase in up to 48% conversion.^[@ref19]^ Although the enzyme was completely regioselective on its \'natural\' substrate, it was also able to convert phenol, 1,2-dihydroxybenzene, and *m*-aminophenol at very low rates.^[@ref20]^(iv)In contrast to the carboxylases mentioned above, which strictly depend on the presence of a phenolic functional group in the substrate, electron-excess heteroaromatic species (e.g., pyrrole, indole) were carboxylated at position 2 or 3, respectively, by pyrrole-2- carboxylate decarboxylase (max. conversion 80%^[@ref21]^) and indole-3-carboxylase (max. conversion 34%^[@ref22]^) (Scheme [1](#sch1){ref-type="scheme"}). Unfortunately, both enzymes appear to be highly substrate specific and only tolerate minimal structural variations.
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In addition to the benzoic acid (de)carboxylases discussed above, which catalyze the carboxylation of an aromatic system, phenolic acid decarboxylases^[@ref23]^ act on the side chain of hydroxycinnamic acids yielding styrenes. The reverse carboxylation activity of the latter enzymes is unknown. Based on the limited structural data available to date, both types of enzymes act through completely different mechanisms: Whereas benzoic acid decarboxylases are metal-dependent and require a catalytically active Zn^2+^ in the active site,^[@ref24]^ the mechanism of phenolic acid decarboxylases proceeds via general (metal-independent) acid--base catalysis.^[@ref25]^

In order to ensure the practical applicability of the enzymatic carboxylation, we avoided oxygen-sensitive enzymes^[@cit13a],[@cit14a],[@cit14b],[@ref15]^ and thus selected (de)carboxylases, which are known to be oxygen-stable.

###### Enzymatic Carboxylation of Phenols and Styrene Derivatives Using Benzoic and Phenolic Acid Decarboxylases[a](#t1fn1){ref-type="table-fn"}
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Reaction conditions: whole lyophilized *E. coli* cells containing overexpressed (de)carboxylase (30 mg), substrate (10 mM), KHCO~3~ (3 M), P~i~ buffer (pH 8.5, 100 mM), 30°C, 120 rpm, 24 h.

2,3-DHBD_Ao = 2,3-dihydroxybenzoate decarboxylase (*Aspergillus oryzae*).^[@ref26]^

2,6-DHBD_Rs = 2,6-dihydroxybenzoate decarboxylase (*Rhizobium* sp.).^[@ref27]^

SAD_Tm = salicylic acid decarboxylase (*Trichosporon moniliiforme*).^[@ref28]^

PAD_Lp = phenolic acid decarboxylase (*Lactobacillus plantarum*).^[@ref29]^

PAD_Ba = phenolic acid decarboxylase (*Bacillus amyloliquefaciens*).^[@ref30]^

The following candidates were cloned and (over)expressed in *E. coli* BL21 (DE3) as host: 2,3-Dihydroxybenzoate decarboxylase from *Aspergillus oryzae* (2,3-DHBD_Ao),^[@ref26]^ 2,6-dihydroxybenzoate decarboxylase from *Rhizobium* sp. (2,6-DHBD_Rs),^[@ref27]^ salicylic acid decarboxylase from *Trichosporon moniliiforme* (SAD_Tm),^[@ref28]^ phenolic acid decarboxylases from *Lactobacillus plantarum* and *Bacillus amyloliquefaciens* (PAD_Lp,^[@ref29]^ PAD_Ba).^[@ref30]^ Carboxylation reactions were performed in glass vials using whole lyophilized *E. coli* cells (showing activities of 1.3 U/mg (PDC_Lp)) in phosphate buffer. After addition of substrate (10 mM) and KHCO~3~ (3 M, pH 8.5), the samples were shaken at 30 °C and 120 rpm. After extractive workup (24 h) reversed-phase HPLC was used to determine the conversion. Blank-experiments using empty *E. coli* host cells ensured the absence of competing (de)carboxylation activities (see [Supporting Information](#notes-1){ref-type="notes"}).

For the mapping of the substrate tolerance, the candidate enzymes were tested using a representative set of phenols (**1a**--**3a**), as well as dihydroxybenzene (**4a**--**6a**) and styrene derivatives (**7a**--**9a**) bearing electron-donating or -withdrawing groups. Since the application of CO~2~-pressurized reaction conditions (up to 2 bar) did not have any significant effects on the conversion, it was assumed that the cosubstrate more likely is (bi)carbonate rather than CO~2~, which equilibrates rather slowly. Attempts to speed up CO~2~/(bi)carbonate equilibration using carbonic anhydrase failed, which was most likely caused by inhibition of carbonic anhydrase by the phenolic substrates.^[@ref31]^ Variation of the (hydrogen) carbonate concentration within a range of 0.1--4.0 M revealed that a 3 M KHCO~3~ solution buffered at pH 8.5 gave an optimum in terms of reaction rate and conversion. All products were identified by comparison with authentic reference materials via coinjection on HPLC/UV and/or NMR.

The results depicted in Table [1](#tbl1){ref-type="other"} reveal the following trends: overall, all benzoic acid decarboxylases showed an exclusive regioselectivity for the carboxylation of the aromatic system in the *o*-position of the \'directing\' phenolic group;^[@ref32]^ no trace of regioisomeric *p*-carboxylation products, which are often formed in the Kolbe--Schmitt reaction, could be detected. In the absence of a free *o*-position (**9a**), no reaction occurred. Surprisingly, no clear preference for the corresponding \'natural\' substrates (**1a** with SAD_Tm, **4a** with 2,3-DHBD_Ao, **5a** with 2,6-DHBD_Rs) could be detected, and several cross-activities within the same range of conversion (**1a** with 2,3-DHBD_Ao, **4a** with 2,6-DHBD_Rs and SAD_Tm, **5a** with 2,3-DHBD_Ao and SAD_Tm) suggest that the substrate tolerance of these enzymes was remarkably broad. Only 2,6-DHBD_Rs was inactive on phenol (**1a**). Fortunately, also non-natural substrates, such as 1-naphthol (**2a**) and *m*-aminophenol (**3a**), were regioselectively carboxylated to the corresponding *o*-products **2b** and **3b** in up to 62 and 80% conversion, respectively. Surprisingly, even olivetol (**6a**) bearing a sterically demanding C~5~-alkyl chain was regioselectively carboxylated to yield **6b** in up to 56% conversion. In contrast, steric effects seem to play a major role for the *o*-carboxylation of styrene-type substrates: whereas **7a** was carboxylated in up to 58% conversion, **8a** gave 29% conversion at best with 2,3-DHBD_Ao and SAD_Tm; 2,6-DHBD_Rs was unreactive. In the absence of a free *o*-position (**9a**), no reaction took place, and the vinylic group always remained untouched. Overall, whereas 2,6-DHBD_Rs showed a clear preference for dihydroxybenzene derivatives, 2,3-DHBD_Ao also accepted simple phenols.

In contrast to benzoic acid decarboxylases, both phenolic acid decarboxylases PAD_Lp and PAD_Ba showed complete regio-complementary behavior: The aromatic system remained completely unaffected, and carboxylation selectively occurred at the β-carbon atom of the side chain by forming the corresponding (*E*)-cinnamic acid derivatives (**7c**--**9c**) in low to modest conversion (*c*~max.~ 30%). This biocatalytic transformation is remarkable, because (to the best of our knowledge) it does not have any direct counterpart in the arsenal of chemical catalysis, the closest analogue being the Ni-catalyzed hydrocarboxylation of styrenes,^[@ref33]^ which forms 2-arylpropionic acids, rather than cinnamic acid derivatives. Detailed studies on the exploitation of the regio-complementary carboxylation of styrene derivatives are underway.

This study was performed in cooperation within the strategic research programme of the Austrian Centre of Industrial Biotechnology (ACIB, funded through the FFG-COMET-Program) and the DK Molecular Enzymology (Project W9), and support by the FWF, BMWFJ, BMVIT, SFG, Standortagentur Tirol and ZIT is gratefully acknowledged. Klaus Zangger (University of Graz, Department of Chemistry) is thanked for his great support in NMR spectroscopy. Byung-Gee Kim (School of Chemical and Biological Engineering, Seoul National University, Seoul, South Korea) is cordially thanked for the generous donation of phenolic acid decarboxylase plasmids.

Gene sequences, cloning and overexpression of (de)carboxylases, SDS-PAGE analysis, general carboxylation procedure, blank experiments using empty host cells, synthesis of substrates and reference materials, analytical procedures, optimization of carbonate concentration, CO~2~ pressure experiments, and NMR spectra are given in the electronic Supporting Information. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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